Neurodegenerative conditions are characterised by a progressive loss of neurons, which is believed to be initiated by misfolded protein aggregations. During this time period, many physiological and metabolomic alterations and changes in gene expression contribute to the decline in neuronal function. However, these pathological effects have not been fully characterised. In this study, we utilised a metabolomic approach to investigate the metabolic changes occurring in the hippocampus and cortex of mice infected with misfolded prion protein. In order to identify these changes, the samples were analysed by ultrahigh-performance liquid chromatography-tandem mass spectroscopy. The present dataset comprises a total of 498 compounds of known identity, named biochemicals, which have undergone principal component analysis and supervised machine learning. The results generated are consistent with the prion-inoculated mice having significantly altered metabolic profiles. In particular, we highlight the alterations associated with the metabolism of glucose, neuropeptides, fatty acids, L-arginine/nitric oxide and prostaglandins, all of which undergo significant changes during the disease. These data provide possibilities for future studies targeting and investigating specific pathways to better understand the processes involved in neuronal dysfunction in neurodegenerative diseases.
Main
Neurodegenerative diseases are characterised by a progressive decline in neuronal health ultimately leading to cell death. Alzheimer's (AD), Parkinson's (PD) and Huntington's diseases are increasingly prevalent neurological conditions that share several common pathways including neuroinflammation, enhanced oxidative stress, metabolic dysfunction and most importantly, the accumulation of misfolded proteins [1] [2] [3] . One particular form of neuronal degeneration caused by propagating protein misfolding is prion disease, a fatal, progressive neurodegenerative disorder characterised by an accumulation and aggregation of misfolded scrapie-like prion protein PrP Sc [4, 5] . Other characteristics of the disease include the development of spongiform lesions, gliosis and neuronal loss, occurring in bovine spongiform encephalopathy (BSE), scrapie, and chronic wasting disease (CWD) in animals and kuru, Creutzfeld-Jacob disease (CJD) and Gerstmann-Sträussler-Scheinker disease in humans [6, 7] .
The ubiquitously expressed cellular prion protein (PrP C ) is a copper-binding glycosylphosphatidylinositol (GPI)-anchored protein with particularly high expression levels in the brain [8] . It is localised in membrane lipid raft microdomains where it interacts with a variety of proteins involved in regulating synaptic transmission [9, 10] . Prion protein can facilitate synaptic release at glutamatergic synapses [11] , is involved in mediating neuronal plasticity by supporting neurite outgrowth [12] and regulates neuronal Ca 2+ signalling [13, 14] . PrP C possesses antioxidant activity, thereby reducing the pro-oxidant signalling of free Edited by: G. Melino copper ions [15] . During prion disease, the cellular isoform of PrP undergoes a profound conformational rearrangement into a misfolded isoform termed PrP Sc that is aggregationprone and infectious. PrP Sc is self-propagating and binding of PrP Sc to PrP C leads to the conformational conversion of PrP C into an additional copy of PrP Sc [16] . A detailed metabolomic analysis of prion-infected neuronal tissue has not yet been described. In order to generate a snapshot of the different mechanisms that are potentially affected during the development of prion disease, we investigated the metabolic alterations in the cortex and hippocampus of prion-diseased mice. Metabolomics is a powerful approach to monitor and evaluate changes of global metabolic compositions across different biochemical processes caused by changes during disease or other stimulation paradigms [17] . We used mice at 10 weeks post inoculation (wpi) when they present clear characteristics of the disease (e.g. neuronal loss and apoptosis, Fig. 1a-c ) but lack confirmatory symptoms, such as weight loss or ataxia (Fig. 1d ). Our data demonstrate significant alterations in glucose metabolism, oxidative stress, amino acid utilisation and complex lipid homoeostasis, which can potentially exacerbate progression of the disease. These findings targeting the cortical and hippocampal metabolome present important information for future studies of neurodegeneration.
Results

Global metabolic profile in the hippocampus and cortex of prion-diseased mice
We have conducted a thorough metabolomic study of the hippocampus and cortex in prion-infected (RML) mice at 10 wpi and found that both tissues present important biochemical changes compared to age-matched control mice (NBH, see Table 1 ). The treatment-based separation within the two sample types (prion disease and control) is consistent with the prion disease having a significant impact on metabolically distinct brain regions and pathways. In agreement with these results, a two-way ANOVA analysis identified 141 biochemicals (out of 498) as being significantly affected (p ≤ 0.05) by prion infection (prion main effect). 236 biochemicals, meanwhile, were found to significantly differ within the cortex and hippocampus (region main effect). Overall our data suggests that cellular metabolism is heavily altered by prion disease, with some of the major pathways outlined below (Supplementary Table 1 ).
Neuropeptide homoeostasis is negatively affected by prion disease N-acetylaspartate (NAA) is a neuronal precursor of the neurotransmitter N-acetylaspartylglutamate (NAAG, Fig. 2a ) that interacts with group II metabotropic glutamate receptors on neurons and glia [18] . Levels of NAA were markedly decreased in cortex and hippocampus of priondiseased mice (Fig. 2b) . Noticeably cortical γ-aminobutyric acid (GABA) levels were also diminished in disease (Fig. 2b) together with a~30% decrease in GAD 65/67 protein levels (Fig. 2c) , an effect not observed in the hippocampus (region main effect p = 0.002). These data suggest an impairment of neuronal function caused by malfunctioning production of neurotransmitter and a subsequent loss of inhibitory GABAergic signalling in the cortex only. Electrophysiological recordings of spontaneous miniature events in the CA1 region showed a 70% decrease in excitatory events, whereas the number of inhibitory events remain unchanged (Fig. 2d ) consistent with unchanged hippocampal GABA levels.
Glucose utilisation is reduced in prion disease
The prion protein plays an important role in glucose metabolism as PrP C has been shown to positively regulate expression of the glucose transporter 1 (Glut 1) with PrP C depletion leading to impaired glucose tolerance [19] and reduced glycolysis [19] . Prion mice present a strong alteration in glucose metabolism characterised by an increased glycolytic flux that translates into an elevated recruitment of the polyol and pentose pathways (Fig. 3a) . These mice exhibited a number of changes relating to glucose utilisation. Glucose and several glycolytic pathway intermediates (e.g. fructose 1,6-diphosphate and dihydroxyacetone phosphate [DHAP]), for instance, were present at higher levels in both the hippocampus and cortex samples of the infected animals (compared to control animals). Similar increases were also manifested in metabolites linked to glycogen synthesis and degradation (maltose), polyol synthesis (fructose) and pentose-phosphate-pathway (6-phosphogluconate). An upregulation of the pentose-phosphate-pathway could be explained by an increased demand in NADPH to counteract elevated ROS production. Several other metabolites linked to these pathways were also elevated within the hippocampus alone (Fig. 3a, b) . This is consistent with significant changes in glucose availability and utilisation in the prioninfected mice. These changes are particularly relevant given that glucose typically functions as the major fuel source for the brain. Moreover, we found that energy production from malate and pyruvate in RML mice is comparable with that of NBH mice (Fig. 3c) , hence an excess of glycolytic metabolites could help maintain ATP production. Evidence suggests that changes in glucose homoeostasis can affect neural function and plasticity [20] . Importantly, the phenotype observed herein could have arisen from several potential factors (e.g. changes in systemic glucose availability and uptake, changes in energetic demand, changes in neural plasticity). (Fig. 4a, b) . We also showed that gene expression of Smpd1, encoding for sphingomyelin phosphodiesterase-1, the enzyme responsible for hydrolysing SM into phosphocholine and ceramide, is significantly downregulated in prion disease (Fig. 4c) . Thus, elevated SM levels could be the consequence of reduced break-down in addition to enhanced synthesis, which could represent a compensatory response to advanced neuronal cell death signalling.
Arginine utilisation and nitric oxide (NO) signalling is affected in prion-inoculated mice L-arginine is a precursor of NO, polyamines, proline, glutamate, creatine and agmatine [21] . It is involved in the nitric oxide synthase (NOS) pathway where L-arginine is converted into NO and L-citrulline and in the arginase pathway. Our data showed that infected animals exhibited a number of changes in arginine metabolism. Most of the arginine-related metabolites were upregulated in prioninoculated brains (Fig. 5a , b) indicating a strong increase in NO signalling. In addition to the changes outlined above, infected mice also exhibited higher levels of metabolites within the polyamine pathway, such as putrescine and its N-acetylated derivative (N-acetylputrescine) in hippocampal and cortical samples (Fig. 5a , b). These metabolites were the top two metabolites in the random forest (RF) analysis performed with the hippocampus samples (and the 5th and 22nd ranked metabolites in the analysis performed with the cortex samples, see below). They can be derived from the biochemical ornithine in a reaction catalysed by ornithine decarboxylase (ODC) [22] . These alterations are consistent with possible changes in ODC activity (and hence arginine homoeostasis as well, see Fig. 5 ) and may have further impacts on neural signalling where putrescine can be converted into the GABAergic neurotransmitter. All of the above increases are consistent with changes in arginase activity, with concentrations of these compounds typically increasing when there are defects in arginine catabolism. In addition, the infected mice also exhibited significant increases in citrulline (Fig. 5a , b) and trending increases in dimethylarginine (ADMA, Fig. 5a , hippocampus only). These findings closely relate to the enhanced neuroinflammatory activity reported in many neurodegenerative conditions, in which inducible NOS (iNOS) is highly upregulated leading to NO-induced neurotoxicity [23] . This neurotoxic signalling mediates nitrosative stress and can lead to unbalanced formation of NO-mediated post-translational modifications with resulting neuronal and synaptic dysfunction [23] [24] [25] . The increase in NOS activity in prion mice was confirmed by an elevation of iNOS gene expression (Nos2, Fig. 5c ). To specifically examine NOS activity [26] we used the NADPH-diaphorase assay, and found that infected mice showed strong NADPHdiaphorase staining in the hippocampus (Fig. 5d ).
Closely associated with enhanced nitrergic stress, our data also support the notion of increased oxidative stress signalling in disease. These changes were mirrored by a reduction in gene expression levels for proteins with antioxidant activity, such as SOD 1 and SOD 2 (Fig. 6a, b) , as well as increases in gene expression levels of other prooxidant proteins. As such, the robust upregulation of Ncf1, encoding the pore-forming subunit p47 phox of the superoxide radical generating NADPH-oxidase enzyme is highly significant in the hippocampus and cortex of diseased mice ( Fig. 6a, b) , altogether indicating elevated oxidative and nitrergic stress levels. We also found that cytochrome c oxidase (COX IV) protein levels are upregulated by~80% in the hippocampus (Fig. 6c) , which could be a compensatory consequence to maintain respiration levels, oxidative phosphorylation and physiological mitochondrial membrane potential in order to sustain ATP production.
Prostaglandin production is upregulated in prion disease
Prostaglandins are lipid compounds involved in inflammation signalling and modulation of neuronal communication.
The main axis of prostaglandin signalling is the metabolism of arachidonic acid (AA) via cyclo-oxygenase (COX) 1 and 2 [27] . The gene expression levels for the AA metabolising inducible COX 2 protein were increased in the hippocampus and cortex of prion-infected mice, highlighting the importance of this neuroinflammatory pathway (Fig. 7a, b) . In this context, elevated levels of the AA metabolite PGE 2 have been found in the cerebrospinal fluid of CJD patients [28] . Our data confirmed that the levels of prostaglandin E 2 , D 2 and F 2α were significantly increased in the hippocampus and to a lesser degree in the cortex of prion-diseased mice (Fig. 7c, d ). Furthermore, in diseased mice, levels of 12-hydroxyheptadecatrienoic acid (12-HHTrE) were elevated 1.6-fold (p = 3.8 × 10
) and 1.5-fold (p = 0.044) in the hippocampus and cortex, respectively, providing evidence for strong neuroinflammatory signalling mediated by COX and lipoxygenase pathways (not shown). Supporting the observed increase in neuroinflammation, we found that the macrophage migration inhibitory factor α (Mifα) involved in monocyte recruitment and macrophage inhibition, was increased by~40% in the hippocampus (Fig. 7e) of RML mice, which also present elevated IκBα gene expression in both cortex and hippocampus (Fig. 7f) . IκBα levels strongly correlate with NFκB DNA-binding activity [29] , confirming an activation of the anti-inflammatory system in RML mice.
Supervise machine learning analysis of metabolic data
To understand whether measured metabolite concentrations can be used to classify control and prion-inoculated samples we applied RF classification procedure [30] . Estimation of classification accuracy was done using leave-one-out crossvalidation [31] . The leave-one-out classification accuracy in the hippocampus vs. control samples was 81% while for the cortex samples vs. control was 87%. Next, we checked the importance of each measured metabolite and its influence on the classification rate. Each metabolite was removed from consideration and leave-one-out cross-validation estimation of classification accuracy repeated on remaining data. The metabolites were ranked next with respect to a decrease in classification accuracy in the cortex (Fig. 8a) and hippocampus (Fig. 8b) . For example, exclusion of putrescine from consideration resulted in an almost 33% drop in classification accuracy (~50%) for prion-inoculated hippocampus samples, which is equal to a random classification rate (the same rate is expected if one will assign labels to samples randomly). This finding again indicates the importance of putrescine in the prion-infected hippocampus.
Discussion
Our study characterises metabolic changes occurring at mid-stages during prion disease when memory deficits, neuronal loss and increased apoptosis can be detected (Fig. 1) [32] . We found alterations in metabolic pathways relevant to neurotransmitter signalling, neuroinflammation, oxidative and nitrergic stress energy usage and thus provide data to support research strategies investigating potential pathways for disease rescue [33, 34] . 
Altered glutamate neuropeptide homoeostasis in disease
Decreased levels of NAA, involved in myelin lipid turnover and neuronal mitochondrial energy production from glutamate [35] are linked to neuronal and axonal loss [36] , compromised neuronal metabolism and mitochondrial dysfunction. Reduced NAA levels in AD patient posterior cingulate gyrus and the hippocampus link NAA deficits to attention and memory deficiency [37] . Glutamate carboxypeptidases are zinc-metalloproteins responsible for catalysing the hydrolysis of NAAG to NAA and glutamate [38] . At high concentrations, NAAG has been shown to indirectly inhibit the release of neurotransmitters, such as GABA and glutamate [18] . Thus, a reduction in this arm of glutamatergic neuropeptide metabolism could reflect a compensatory response to reduce excitation and excitotoxicity in order to counter balance reduced inhibitory signalling, although we could not detect changes in glutamate levels. However, our data show that, consistent with unchanged GABA levels in the hippocampus, GAD65/ 67 protein levels are also unaffected by the disease. 
This was further substantiated by unchanged inhibitory neuronal activity in pyramidal CA1 neurons, which was in contrast to a decrease in excitatory activity suggesting a neurotransmitter-specific dysfunction in the hippocampus.
Reduced glycolysis and energy production
Data related to the glycolysis, polyol and pentosephosphate-pathways indicate a strong upregulation of their metabolites, which is related to a reduced glucose [39] or CJD patients [40, 41] . Moreover, the glycolytic pathway is directly linked to energy production via pyruvate, oxidative phosphorylation and ATP production in mitochondria. These data could feed into the hypothesis that a deficient energy metabolism resulting from defective mitochondrial function and increased oxidative damage may contribute to neuronal dysfunction and degeneration [42] . Thus, our findings are linked with human pathology and provide further detailed information on the abnormalities of the glucose and energy metabolism in this disease.
The strongly activated polyol pathway of glycolysis in prion disease and an accumulation of its metabolites suggest a diversion of glucose metabolism in order to compensate for a failing energy production. Similarly increased NO generation is associated with an increase of polyol synthesis in vascular tissue by upregulation of the rate-limiting enzyme aldose reductase [43] which could thereby link increases in NO signalling with disease associated abnormalities in glycolysis. The other arm of the glucoserelated metabolism, the pentose-phosphate pathway, is altered in prion disease with NADPH levels being increased in the hippocampus. Classically, levels of NADPH are elevated in order to prevent oxidative stress and maintain redox balance. In prion-infected mice, upregulation of the glycolytic-polyol-pentose phosphate pathways could reflect Fig. 8 Random forest analysis classifies the levels of importance of indicated metabolites. The importance of each metabolite was estimated by its influence on classification rate (random forest leave-oneout cross-validation). Each metabolite was removed from consideration and leave-one-out cross-validation estimation of classification accuracy repeated on remaining data (see section "Supervise machine learning analysis of metabolic data"). The diagrams plot effect of removing each metabolite on classification accuracy. For example, exclusion of putrescine from consideration resulted in almost 33% drop in classification accuracy (~50%) for prioninoculated hippocampus samples, which is equal to a random classification rate (the same rate is expected if one will assign labels to samples randomly) an attempt to restore adequate conditions for physiological neuronal function.
Neuroinflammatory NO signalling is augmented
We found the majority of metabolites in the arginine pathways were upregulated in prion-disease indicating increased nitrergic activity, which is consistent with elevated levels of S-nitrosylated proteins found in human prion-diseased post-mortem brain specimens [44] . In the brain, physiological NO signalling contributes to regulation of neuronal excitability [45, 46] , neurotransmitter release involved in learning and memory, synaptic plasticity and neuroprotection [47] . Impact of NO signalling on synaptic function is mediated via posttranslational modifications of proteins involved in vesicular release across different cellular systems and species [48] [49] [50] [51] indicating the importance of this conserved signalling route. However, cytotoxic nitrergic signalling is associated with the immune response and plays a key role in regulating inflammatory processes and redox stress, ultimately contributing to neuronal degeneration. This pro-inflammatory NO signalling (mediated via iNOS) will, in addition to abnormally regulated neuronal NOS (nNOS) activity, contribute to nitrergic toxicity. In this context, it has to be considered that the endogenous prion protein possesses a neuroprotective function by promoting S-nitrosylation of NMDAR which in turn minimises excitotoxicity mediated via nNOS activation in a negative feedback loop [52] . Thus, loss of PrP C function per se in prion disease may contribute directly to nitrergic toxicity and further neuronal death.
Furthermore, accumulation of L-arginine metabolites (e.g. guanidino compounds, 2-oxoarginine) may produce neuronal damage which has been reported in argininemia [53, 54] . Reduced activity of arginase may divert arginine metabolism toward the neurotoxic guanidino compounds contributing to the neurotoxicity of this signalling cascade. In mammals, putrescine biosynthesis occurs through the decarboxylation of L-ornithine via the enzyme L-ODC which links the L-arginine pathways (Fig. 5) closely to the metabolic signalling of both polyamines and neurotransmitters (Fig. 2) . Polyamines have been detected in both neurons and glia [55] and protect mitochondria against mitochondrial permeability transition [56] acting as potent anti-apoptotic factors. Spermine acts as a free-radical scavenger against ROS [57] to prevent oxidation of mitochondrial transmembrane potential-related proteins including glutathione and other proteins containing sulfhydryl groups. However, other reports favour a pro-apoptotic role of polyamines with levels of ODC/polyamines being changed in AD and PD [58] [59] [60] leading to a marked intracellular accumulation of amine linked to elevated hydrogen peroxide levels [61, 62] . A toxic elevation of polyamines in neurodegenerative conditions could translate into an excessive activation of NMDA-receptors [63, 64] together with an abnormal activation of apoptotic pathways [9, 65] .
Metabolism of sphingolipids is enhanced in disease
Accumulating evidence suggests that sphingolipid metabolism is perturbed early in the development of many neurodegenerative diseases, including AD [66] , multiple sclerosis [67] and PD [68] . Several post-mortem studies have found elevated levels of ceramides in brains of AD patients [66, 69] substantiating evidence for neuronal susceptibility to ceramide-induced pathology [70] . Despite accumulating evidence suggesting a pivotal role of sphingolipid dysregulation in the pathogenesis of many brain disorders, few studies have attempted to pharmacologically modulate sphingolipid distribution in the brain. Ceramides have been implicated as a lipid mediator of cellular responses, including redox homoeostasis, inflammation and apoptosis [71] . Forming the central metabolite in the sphingolipid metabolic network, ceramides exist as both ubiquitous modulators of membrane dynamics and as a second messenger [72] . There is a growing body of evidence suggesting increased ceramide facilitates permeabilisation of the mitochondrial membrane (for review see [73] ) and potentiates cell death with augmentation in ceramide levels leading to apoptosis and further neuronal degeneration [74, 75] . The reported high levels of ceramide in neural tissue from AD patients [69] indicate this pathway as a strong potential contributor to neurodegeneration. In this context, we found reduced expression of Smpd1 mRNA in prion mice, potentially as a protective mechanism to support myelin repair and oligodendrocyte survival as reported previously [76] .
Interestingly, oxidative stress activates sphingomyelinases which in turn hydrolyse SM to yield phosphorylcholine and ceramide, thereby providing a potential link between enhanced ROS signalling and altered ceramide metabolism. A further augmented oxidative cellular environment could result from the lack of cellular prion function as an antioxidant in disease following its misfolding [77] and downregulation of SOD proteins. Thus, it is conceivable to suggest that compromised prion function due to loss of PrP C additionally contributes to the progression of the disease.
Prostaglandin-mediated inflammation is enhanced
As several neurodegenerative conditions are associated with inflammation, our data support the notion that, in addition to inflammatory NO signalling, prostaglandin production could contribute to this pathway. We demonstrated enhanced prostaglandin levels in prion-diseased mice. Indeed, extensive microglial activation induces aggravated inflammatory responses, which contribute to the production of prostaglandins in prion disease [28] . Specifically, upregulation of the enzyme COX 2 (Fig. 7) promotes elevated PGE 2 production [78] . Our findings, showing elevated levels of IkBα and by extention enhanced NFκB activation confirm the notion of increased neuroinflammation, However, the effects of prostaglandin signalling are controversial with one report describing PGE 2 as downregulating macrophage/microglia activation [79] and indicating prostaglandin-mediated clearance of apoptotic neurons [80] . Another hypothesis favours PGE 2 acting as a neurotoxic mediator that facilitates prion-related neuronal apoptosis [81] . Our findings are in agreement with the fact that non-steroidal anti-inflammatory drugs (NSAIDs), which inhibit the metabolism of AA by COX enzymes to eicosanoids, have been implicated as a potential therapeutic target for neurodegenerative disease [82, 83] .
Conclusions
This global metabolomic profiling study was conducted to gain insight into mechanisms underlying the impact of prion disease on metabolism in the murine brain. Hence we assessed cortical and hippocampal samples from mice inoculated with misfolded prion protein and healthy agematched controls. Together, our data provide new information regarding important metabolic pathways which are dysregulated in prion disease. At 10 wpi, neural tissue from prion-inoculated mice has undergone profound changes in metabolism that could indicate an attempt to counteract neuronal degeneration although it is not possible to conclude about the causal relationship between neuronal loss and the observed changes in metabolites. Future studies will have to elucidate at which time points of the disease the reported changes in metabolism occur. These pathways are of great interest for neurodegenerative research as many metabolites identified in this study found to be altered also in AD and PD.
An important outcome of our study is the potential for developing biomarkers or diagnostic tools. Our data provide valuable information for characterising biomarker detection in a non-invasive ante mortem tests or procedures of assessing blood, CSF or urine samples. As such, urine is not subject to homoeostatic mechanisms and accommodate accurate changes that may reflect status of the body, such as in disease and aging [84] . Metabolomics of urine samples can provide certain information to characterise or even predict neurological diseases, including BSE [85, 86] . For instance, the biomarker α 1 -antichymotrypsin (α 1 -ACT) is highly upregulated in brains from prion-infected mice and dramatically and progressively increase in urine of patients suffering from sporadic CJD. Elevated levels of α 1 -ACT were also found in cases of prion disease of animals [87] . Therefore, measurement of urinary metabolites may be useful for monitoring the efficacy of therapeutic regimens for neurodegenerative diseases. Thus, further assessment of metabolic profiles and detailed description of altered pathways will lead to a better understanding of the underlying mechanisms of neurodegeneration and potentially aid in the development of biomarkers for therapeutic targets.
Materials and methods
Mice
All animal work conformed to the UK Home Office regulations and institutional guidelines and subjected to listed procedures under the Project Licence PPL 70/8808 released from the Home Office. All mice were housed under a daily 12 h light/dark cycle. Tg37 mice overexpressing three times the normal levels of murine PrP C were inoculated with either Rocky Mountain Laboratories scrapie prion (RML; n = 19) or normal brain homogenate (NBH; n = 19) at 3 weeks of age. Inoculated mice were then divided into n = 8 and n = 11 per group for metabolomic and mRNA/ protein expression/ATP experiments, respectively. All mice were sacrificed at 10 wpi and the hippocampus and cortex were dissected and flash frozen in liquid nitrogen for storage at −80 o C. The time point of 10 wpi was chosen as the animals at this stage show subclinical prion disease without severe signs of neuropathology.
Metabolic profiling
The metabolites were measured by Metabolon Inc. (Durham, NC, USA), a commercial supplier of metabolic analyses. Their platform integrates the chemical analysis, including identification and relative quantification, data reduction, and quality assurance components of the process. Workflow including extraction of raw data, peak-identification, and quality control (QC) processed on the assay platform, has been described [88] .
Ultrahigh performance liquid chromatography-tandem mass spectroscopy (UPLC-MS/MS)
All methods utilised a Waters ACQUITY ultra-performance liquid chromatography (UPLC) and a Thermo Scientific Q-Exactive high resolution/accurate mass spectrometer interfaced with a heated electrospray ionisation (HESI-II) source and Orbitrap mass analyser operated at 35,000 mass resolution. The sample extract was dried then reconstituted in solvents compatible to each of the four methods. Each reconstitution solvent contained a series of standards at fixed concentrations to ensure injection and chromatographic consistency. One aliquot was analysed using acidic positive ion conditions, chromatographically optimised for more hydrophilic compounds. In this method, the extract was gradient eluted from a C18 column (Waters UPLC BEH C18-2.1 × 100 mm, 1.7 µm) using water and methanol, containing 0.05% perfluoropentanoic acid (PFPA) and 0.1% formic acid (FA). Another aliquot was also analysed using acidic positive ion conditions, however, it was chromatographically optimised for more hydrophobic compounds. In this method, the extract was gradient eluted from the same afore mentioned C18 column using methanol, acetonitrile, water, 0.05% PFPA and 0.01% FA and was operated at an overall higher organic content. Another aliquot was analysed using basic negative ion optimised conditions using a separate dedicated C18 column. The basic extracts were gradient eluted from the column using methanol and water, however with 6.5 mM ammonium bicarbonate at pH 8. The fourth aliquot was analysed via negative ionisation following elution from a HILIC column (Waters UPLC BEH Amide 2.1 × 150 mm, 1.7 µm) using a gradient consisting of water and acetonitrile with 10 mM ammonium formate, pH 10.8. The MS analysis alternated between MS and data-dependent MS n scans using dynamic exclusion. The scan range varied slighted between methods but covered 70-1000m/z.
The experimental samples were separated by brain region and treatment type when analysed by principal component analysis Briefly, the experimental samples segregated largely based on brain region (cortex vs. hippocampus) and their treatment status (prion-infected [RML]vs. control [NBH] ). The separation between the hippocampal and cortex samples likely reflects several factors (e.g. differences in their functions, cell types and abundance). The treatment-based separation within these two sample types, meanwhile, is consistent with the infection having a significant impact on these metabolically distinct brain regions (Supplementary Table 1 ). In agreement with these results, a two-way ANOVA analysis identified 141 biochemicals as being significantly affected (p ≤ 0.05) by prion infection (infection main affect). 236 biochemicals, meanwhile, were found to significantly differ within the cortex and hippocampus (region main effect). It should be noted however, that there were only 24 biochemicals displaying significant interaction effects (i.e. these correspond to biochemicals which changed in differential manners consequent to infection in the hippocampus and cortex) with the full list of detected metabolites shown in Supplementary   Table 1 . The metabolic changes arising from the infection appeared to be highly conserved therefore in the two brain regions.
RF analysis distinguished between the cortex and hippocampal samples of the control and prion-inoculated groups RF is an unbiased and supervised classification technique based on an ensemble of a large number of decision trees. In addition to producing a metric of predictive accuracy, RF analysis also produces an associated list of biochemicals ranked in order of their importance to the classification scheme. In this study, RF analysis was used to identify metabolites that differentiated between the cortex and hippocampal samples derived from the control (NBH) and prion-infected (RML) mice. The predictive accuracies of these analyses were 87% and 81%, respectively. Like the PCA analysis, these results are consistent with the prioninfected mice having significantly altered metabolic profiles.
mRNA expression
Total RNA was extracted from isolated hippocampal or cortical tissue using a RNeasy mini kit and treated with deoxyribonuclease 1. For each tissue, 1 µg of total RNA was reverse transcribed using an iScript™ cDNA synthesis kit according to the manufacturer's instructions. Real-time PCR reactions were performed using 25-100 ng of template cDNA per reaction and Taqman gene expression 'assay on demand' assays. The primer/probe targets used were FAM -labelled Ncf1 (Mm00447921_m1), Nos2 (Mm00440502_m1), Smpd1 (Mm00488318_m1), Sod1 (Mm01700393_g1), Sod2 (Mm01313000_m1), Nfkbia (Mm00477798_ml) and Ptgs2 (Mm00478374_m1). Reactions were multiplexed and normalised to a VIClabelled primer/probe for β-actin (Actb; Mm00607939_s1). Relative mRNA expression in each region was determined by normalising to the average of NBH-treated hippocampus or cortex using the ΔΔCT method.
NADPH-diaphorase staining
Mice were anaesthetised and transcardially perfused with PBS then 4% PFA. The brain was removed and fixed for 24 h in PFA before being embedded in paraffin. Five μm sections were cut and deparaffinised before being incubated in a mixture of 2.5 mg nitroblue tetrazolium, 10 mg β-NADPH, and 0.2% Triton X-100 in 10 mL of 0.05 M Tris buffer for 30 min at room temperature. The reaction was terminated with 0.05 M Tris buffer washes.
Electrophysiology
Whole cell recordings were made from CA1 pyramidal neurons using a Multiclamp 700B amplifier and pClamp 10.4 software (Molecular Devices), sampling at 50 kHz and filtering at 10 kHz. Patch pipettes were pulled from filamented borosilicate glass (GC150F-7.5, outer diameter 1.5 mm; inner diameter 0.86 mm; Harvard Apparatus, Edenbridge, UK) with a two-stage vertical puller (PC-10 Narishige, Tokyo, Japan). Pipettes were used with final tip resistance of 4-5 MΩ when filled with a solution containing (mM): 120 mM potassium methanesulfonate, HEPES 10, EGTA 0.2,K-ATP 4, Na-GTP 0.3, NaCl 8, KCl 10; pH was adjusted to 7.4 with KOH and osmaolarity between 280-290 mosmol l −1
. All recordings were taken at physiological temperature of 37 ± 1°C, with the bath temperature being feedback controlled by a Peltier device warming aCSF passing through a fast-flow perfusion system. Inhibitory and excitatory miniature postsynaptic currents were analysed within 50 s of recordings at a holding potential of −60 mV.
TUNEL Assay
Following PFA fixation, brains were processed in paraffin wax and sliced at 5 μM using a microtome. TUNEL assay was performed as per manufacturer's recommendations (In situ apoptosis detection kit, ab206386) on paraffinfixed brain sections. 
ATP production
Immunoblotting
Mice were culled via cervical dislocation and hippocampi and cortex were dissected and snap frozen on dry ice. Protein samples were isolated using protein lysis buffer (50 mM Tris-HCl, 1 mM EDTA, 1 mM EGTA, 0.1% β-mercaptoethanol, 1% triton X-100, pH 7.5) supplemented with protease inhibitors (Roche). Concentrations of proteins in the lysate were determined using a Bradford assay. 5 μg of protein were mixed with loading buffer and boiled for 5 min before loading onto a 12% SDS-polyacrylamide electrophoresis gels and transferred onto nitrocellulose membrane, using a Bio-Rad semi-dry transfer system. Membranes were blocked in 5% milk/TBST for 1 h at room temperature. Membranes were incubated overnight at 4°C with anti-GAD 65/67 (AB1511), anti-COX IV (ab14744), antiMifα (HPA003868) or anti-β-actin (ab8227) antibodies followed by incubation with appropriate secondary antibodies.
Immunocytochemistry
Following PFA fixation, brains were processed in paraffin wax and sliced at 5 μM using a microtome. After antigen retrieval, sections were washed in TBS + 0.1% triton x-100 and blocked for 2 h at RT in TBS, 0.1% triton X-100, 10% goat serum and 5% BSA. Sections were incubated with antibodies to NeuN (ab104225) at 1:1000 in blocking buffer overnight at 4°C. Sections were washed three times, and incubated with Alexa Fluor fluorescent secondary antibody for 1 h at RT in blocking buffer. Images were taken with a Zeiss LSM 510 META NLO microscope with Zen 2009 software (Zeiss).
Statistical analysis
Data were analysed using GraphPad Prism 6 and results expressed as mean ± SD/SEM (as indicated), with p < 0.05 considered significant. Two-way ANOVA were performed followed by Welch's two-sample t-tests to identify significant differences between experimental groups.
